Context: The very rapid pace of change in Software Engineering(SE) research makes it very difficult to gain an overview of the entire field or track trends in specific areas of SE. Objective: Develop a very rapid "overview tool" that can help humans understand how topics are evolving in SE. Method: Perform a topic modelling analysis using Tuned Latent Dirichlet Allocation of abstracts and titles of 15121 papers over the last 25 years. Results: (a) Eleven topics are identified as the dominant themes in modern SE. (b) Publication trends for topics in SE are not static; in fact, some of them become less prominent over time while others become very prominent indeed. (c) Clustering conferences on the topics they usually publish, it is observed that SE conferences fall into six large groups. (d) Considering that the Program Committee (PC) constitutes to less than a quarter of authors with published papers, the topics of papers published by the PC almost exactly match with the topics seen in all the published papers. (e) Successful authors in SE explore a diverse range of topics rather than focus on a niche set. Conclusion: Based on the results, recommendations are offered on how to (a) plan on an individual's research career, (b) intelligently make new conferences or merge older ones, (c) better recruit PCs & (d) encourage a broader range of topics at SE conferences.
Introduction
The Software Engineering(SE) literature is complex, diverse and understanding it is a task of significant importance. If performed successfully, it will aid an SE researcher to better discover new and exciting topics aligned with their research interests as well as to better exhibit their work and augment towards building their research career.
The sheer growth in the field of SE can be observed from last decade and a half. We can see that there is a steady trend in the rise in number of papers published and that over 15000 papers from more than 16000 different authors have been published in top SE conferences over the last 15 years. The challenge lies in obtaining an overview of this large corpus and understanding this literature.
Existing methods for studying large text corpuses can be (very) labor intensive and, systematic literature reviews [? ? ] and manual content analysis [? ? ? ] , rely extensively on subjective human judgment. Thus, it can be very hard to reproduce/improve/ or even refute such studies.
Automatic methods have their problems as well. Simple methods can rank top performing SE institutions and SE scholars [? ] ; or list the most cited SE articles [? ] . But those methods offer little insight on the changing nature of the field, nor where to focus effort for (say) the next five years of research. More complicated methods like LDA (Latent Dirichlet Allocation [? ? ]) can summarize a large set of documents as a small set of "topics" (where each "topic" is a set of words commonly occuring together in particular documents). However, we cannot recommend standard LDA since recently we have found that LDA's topics are highly unstable; i.e. they will dramatically change [? ] if (a) the input ordering of the documents is changed, or (b) if the parameters controlling LDA are altered.
When applying topic modeling to SE, we recommend the LDADE stable topics analysis [? ] . LDADE is combination of LDA and a search-based software engineering method called DE (Differential Evolution [? ] ). LDADE automatically tunes LDA's parameters in order to remove unstable topics. Using the stable topics from LDADE, this paper automatically analyzes the titles and abstracts of 15121 papers published in the 16 SE conferences of Table 1 from 1992 to 2016. This paper explores the following research questions: RQ1: What topics are most frequently accepted to which conferences?
Result 1 Table 2 lists the eleven topics dominate SE research.
Note that this study initially found more than eleven topics. However, several of those appeared in so few papers that this study focused on the remaining topics(which represent more than 96% of the papers). This paper will use this first result to create very simple visual presentations of the eleven topics seen in 15121 research papers.
RQ2: Does topic modelling yield stable topic clusters for SE conferences?
Result 2 Table 5 shows the topic clusters with respect to the terms associated with them in three different time intervals of SE.
These topic clusters and its consistency over a period of 25 years support the choice of LDADE for topic modelling SE conferences.
RQ3: What are the fewest number of papers that most reflect current topics in SE? Table 3 & Table 4 lists the 2 papers per topic with most citations.
Result 3
These 11*2=22 papers would be useful for educators running a one semester introductory subject on software engineering research.
RQ4: What SE topics are growing more/less prominent?
Result 4
Of our eleven topics, one is clearly growing less prominent while two others are becoming very prominent.
This result could be used by funding bodies or new faculty to decide the focus of their work for the next few years.
RQ5: Which SE conferences have the most overlap with other conferences?
Result 5
As seen in Table 1 , our conferences fall into 6 groups (A,B,C,D,E,F).
This result could be used to reduce the number of SE conferences. For example, the 16 conferences studied here might be replaced with six.
On the other hand, if the goal is to strengthen rather than replace conferences, then the results of RQ6 would be useful. Table 1 : Corpus of conferences studied in this paper. The "Group" column shows conferences that publish "very similar" topics (where "very similar" is computed via a cluster analysis shown later in this paper). Result 6 Within many of the groups there exist strong topics that select for one particular conference, but exclude others.
Short
The RQ6 results could guide the creation of new conference call for papers (CFP) that focus more on the topics that most distinguish particular conferences.
RQ7: What is the connection between a conference's program committee and the accepted papers? In one of the strongest results of this paper, we find that:
Result 7
The topics of the papers of the program committee are nearly a perfect match for the papers accepted to a conference.
This result could be used by PC chairs to recognize when submissions do not overlap with the papers of the PC (at which point the chairs could either recruit new PC members or advise authors that they should consider withdrawing their paper and submit elsewhere).
RQ8: How to focus a research career? We look at the top 20%, 10%, 1% most cited authors and ask "how many topics should a researcher focus on?" Our conclusion is:
Result 8 Do not focus. A clear pattern in the most cited authors is that their citations increase as they venture into more topics.
That is, the most successful SE researchers are generalists that do not focus on one particular topic.
Structure of this paper
After notes on the related work, this paper describes the dataset, LDA and the stable topic analysis of LDADE. After that, we explore in detail the above eight questions. 
Contribution of this paper
Prior research in this area explored fewer topics via a mostly manual analysis that focused on less than explored here; For example,
• We use titles and abstracts while other studies just use the titles [? ];
• We study 15121 papers and many other studies explore orders of magnitude fewer papers [? ? ];
• We are the first to apply the stable topic analysis of LDADE to bibliometric studies, which ensures that our results are not just some quirk of the input ordering of the data.
• Our analysis is fully automatic and repeatable. Unlike traditional literature review methods (which can be very labor intensive) all the conclusions made in this paper were built from auto-generated structures created by open source data mining tools.
We recommend this kind of repeatable, automatic analysis since this allows other researchers to repeat/extend/improve or even refute our conclusions. The same can be not be said for many of the traditional methods for studying the literature.
Related Work
This section discusses related and prominent work, along with their notable findings. The overall picture we will offer is that many researchers have published studies about the SE literature. However, the methods of this paper explore a far larger space.
Bibliometrics
Numerous bibliometric studies analyzing SE conferences have been published in SE, most of which have been in the last 2 decades.
Ren & Taylor performed early bibliometric studies when in 2007 they assessed both academic and industrial research institutions, along with their scholars to identify the top ranking organizations and individuals [? ] . They provide an automatic and versatile framework using electronic bibliographic data to support such rankings which produces comparable results as those from manual processes. This method although saves labor for evaluators and allow for more flexible policy choices, the method does not provide a spectrum of the topics and the publication trends in SE.
Cai & Card [? ] analyzed 691 papers from 14 leading journals and conferences in SE. They find that 89% of conference papers focus on 20% of subjects in SE, including software/program verification, testing and debugging, and design tools and techniques. Note that our RQ1 results (that most SE explores just 7 topics) is a conformation of the Cai & Card finding.
Fernandes [? ] studies 70,000 articles in SE and finds that the number of authors for articles in software engineering is increasing on an average of around 40% per decade. The author does not analyze the publishing trends of successful authors in SE (this is an issue on which we offer much detail).
Bibiliometric studies based on Turkish [? ] and Canadian [? ] SE communities were performed by Garousi et al. to study the citation landscape in the respective countries. They identify a lack of diversity in the general SE spectrum for example, limited focus on requirements engineering, software maintenance and evolution, and architecture. They also identify a low involvement from the industry in SE. Since these studies were localized to a certain country, it explored lesser number of papers Garousi and Fernandes more recently [? ] et al. performs a citation based study to identify the top cited paper in SE. The authors use two metrics: a) total number of citations and b) average annual number of citations to identify the top papers. The authors also try characterizing the overall citation landscape in SE motive and hope that this method encourages further discussions in the SE community towards further analysis and formal characterization of the highly-cited SE papers. Although the authors encourage an important need in SE of characterization, the approach using citations has other alternatives. In this paper, we augment their approach to identify top cited paper in different topics in SE.
Citation based studies have also evolved into adoption of measures such as h-index and g-index to study the success of an SE researcher. In 2013, Hummel et al. analyzes the expressiveness of modern citation analysis approaches like h-index and g-index in SE by analyzing the work of almost 700 researchers in SE [? ] . They conclude that on an average h-index for a top author is around 60 and gindex is about 130. The authors however do not shed light on the publication pattern of these top authors and thereby does not indicate what leads to a successful career in SE research.
Vasilescu et al. study the health of SE conferences with respect to community stability, openness to new authors, inbreeding, representativeness of the PC with respect to the authors community, availability of PC candidates, and scientific prestige [? ] . They analyze conference health using the R project for statistical computing to visualize and statistically analyze the data to detect patterns and trends [? ] . They make numerous observations in this study
• Wide-scoped conferences receive more submissions, smaller PCs and higher review load compared to narrow scoped conferences.
• Conferences considered in the study are dynamic and have greater author turnover compared to its previous edition.
• • Lesser the PC turnover, greater the proportion of papers accepted among PC papers.
• Narrow-scoped conferences have more representative PCs than wide-scoped ones.
• Conferences like ICSE, FSE and ASE have higher potential to renew the PC members amongst the core authors publishing at these conferences; whereas conferences like CSMR, WCRE, ICSM and GPCE have increasingly lesser potential to renew the PC amongst their author communities.
• Not surprisingly, the higher the scientific impact of a conference, the more submissions it attracts and tend to have lower acceptance rates. The authors work is very detailed and gives a detailed summary of SE conferences.
The paper however does not consider the area of focus of each software engineering conference to study the similarity/differences between them. These shortcomings are addressed by RQ5 and RQ6. Systä et al. in their 2012 publication "Inbreeding in Software Engineering" [? ] analyzes acceptance of papers (co)authored by PC members in 6 leading SE conferences. They conclude that there is a lot of variance in the acceptance rate(0-70%) of papers (co)authored by PC members. Although their research methodology is very insightful, the data used in their study is limited to 6 conferences over a period of 5 years. Thus, in this study, in RQ7, we expand on their research using data from 16 conferences over 25 years to draw a clearer conclusion and we further examine the connection between PC and accepted papers.
Topic Modelling
Topic .This paper identified trends, bursty topics, and interesting inter-relationships between the American National Science Foundation (NSF) awards and CS publications, finding, for example, that if an uncommonly high frequency of a specific topic is observed in publications, the funding for this topic is usually increased. The authors adopted a Term Frequency Inverse Document Frequency(TFIDF) based approach to identify trends and topics. A similar approach can be performed in SE considering how closely CS is related to SE.
Garousi and Mantyla recently have adopted a Topic Modeling and Word Clustering based approach to identify topics and trends in SE [? ] similar to the research by Hoonloor et al. [? ] . Although their method is very novel and in line with the current state of the art, they use only the titles of the papers for modelling topics. This might lead to inaccurate topics as titles are generally not very descriptive of the field the paper is trying to explore. This issue is addressed in the current work where we use the abstracts of the paper to build topic models.
More recently, Datta et al. [? ] used Latent Dirchlet Allocation to model 19000 papers from 15 SE publication venues over 35 years into 80 topics and study the half life of these topics. They coin the term "Relative Half Life" which is defined as the period between which the "importance" of the topic reduces to half. They further define two measures of importance based on the citation half life and publication half life. The choice of 80 topics is based on lowest log likelihood and although very novel the authors do not shed light on the individual topic and the terms associated with it.
Data
For studying and analyzing SE conferences we construct a database of 16 conferences and its program committee members from 1992-2016. The data is collected in three stages: 2. Abstracts of each paper was obtained from the ACM portal. The abstracts for all the papers on ACM are harnessed by AMiner 2 [? ] periodically on their website. We use this dump to extract the corresponding abstract for a paper by matching the titles and au-thors. The AMiner dump also provides the citation network(papers cited and papers citing it) for each paper.
3. The program committee for each conference was automatically entered into the database by parsing over the website of the conference.
The choice of conferences were made based on the conference's impact factor computed based on Simple H-INdex Estimator (SHINE) [? ] , defined as follows:
• For a given series of conference, an impact of h = 40 means that it has 40 papers, each with at least 40 citations during this period.
The complete list of conferences and their Impact Factors can be found in https://aminer.org/ranks/ conf. Note that we ignore journals from the list for our current study and focus only on conferences.
Latent Dirichlet Allocation
This paper uses Latent Dirichlet Allocation (LDA) to summarize the SE papers. LDA is a generative statistical model that allows sets of observations to be explained by unobserved groups that explain why some parts of the data are similar.
The basic LDA model [? ? ] is shown in Figure 2 . A collection of D documents is assumed to contain T topics expressed with W different words. Each document d ∈ D of length N d is modelled as a discrete distribution θ(d) over the set of topics. Each topic corresponds to a multinomial distribution over the words. Discrete priors α are assigned to the distribution of topics vectors θ and β for the distributions of words in topics.
Figure 2: LDA Model
As shown in Figure 2 , the outer plate spans documents and the inner plate spans word instances in each document (so the w node denotes the observed word at the instance and the z node denotes its topic). The inference problem in LDA is to find hidden topic variables z, a vector spanning all instances of all words in the dataset. LDA is a problem of Bayesian inference.
The original method used is a variational Bayes approximation of the posterior distribution [? ] and alternative inference techniques use Gibbs sampling [? ] and expectation propagation [? ] .
LDA learns the various distributions (the set of topics, their associated word probabilities, the topic of each word, and the particular topic mixture of each document). To find these various distributions, LDA takes particular set of parameters namely, number of clusters (k), number of iterations (n), document topic prior (α), and word topic prior (β).
The literature suggests that different sets of these parameters can give rise to unstable topics [? ? ]. Rocco et al. [? ] used LDA for traceability link recovery and ran multiple experiments to verify the topics generated by LDA are not unstable to conclude their results. Various other researchers [? ? ] have used LDA in various tasks of SE and have mentioned that LDA needs to be stable. To overcome the instability problem, multiple researchers recommend tuning the above mentioned parameters of LDA using Genetic Algorithm (GA) [? ? ? ] rather than having to manually explore the parameters without much explanation. Major drawbacks of LDA-GA are that GA are time consuming to tune the parameters and they haven't even consider the input data "order effect" [? ] . Some people [? ? ] achieved higher stability by just increasing the number of cluster size. However, these studies used manual methods to find those tunings and hence, for pragmatic reasons, they did not explore a large range of tunings for the parameters. Recently, Agrawal et al. [? ] have used DE to stabilize the LDA model which is much simpler to implement and also considers the effects of input data order. This LDADE tool automatically tunes LDAs parameters in order to stabilize LDA model. They explored much larger range of tunings within tens of evaluations of the model, not hundreds or thousands.
Differential evolution just randomly picks three different vectors B, C, D from a list called F (the frontier) for each parent vector A in F [? ]. Each pick generates a new vector E (which replaces A if it scores better). E is generated as follows:
where 0 ≤ R ≤ 1 is a random number, and f, cr are constants that represent mutation factor and crossover factor respectively(following Storn et al.
[? ], we use cr = 0.3 and f = 0.75). Also, one A i value (picked at random) is moved to E i to ensure that E has at least one unchanged part of an existing vector. The Goal of this DE is to maximize the Raw Score ( n ) which is very similar to Jaccard Similarity [? ] . Agrawal et al. [? ] have explained the n in much more detail.
In order to answer the research questions we adopt this topic modeling based approach [? ] coupled with a bibliometric based study( §4) on the dataset described in §3. Topic modeling using LDA needs three parameters to be set primarily which matters the most as per the study done by Agrawal et al. They are; 1) k: Number of topics 2) α : Dirichlet prior on the per-document topic distributions 3) β: Dirichlet prior on the per-topic word distribution.
In similar studies [? ], the authors suggest using 67 topics and default values of α and β as provided by the LDA package in R statistical toolkit [? ] . They [? ] choose the number of topics by minimizing the absolute Likelihood error. But we optimized these tunable parameters LDADE as described earlier in §4. Post tuning, the optimal values for k, α & β are 12, 0.847 & 0.764 respectively.
Results
Using these parameters, LDA was performed on the abstracts(titles if abstract was not available) of the dataset. The heatmap of Figure 3 shows scores denoting the occurrence of a certain topic at a particular conference.
RQ1: What topics are most frequently accepted to which conferences? Table 2 shows the eleven most frequent topics in our conference papers. Figure 3 shows how often these topics appear in our 16 conferences.
Is there any value in exploring more than eleven topics? Perhaps not. As seen in Figure 3 , our least-common topics (Mobile and Energy) occur very rarely in our sample of conferences. If this study had included (say) double the Figure 3 : Heatmap showing relation between the 11 Topics and Conferences between 1992 to 2016. We study the terms in these topics and label them. Refer Table 2 for terms number of topics, then we would have very little data from which we could reason about half the topics.
Is it reasonable to claim that eleven topics capture the depth and extend of SE research? Perhaps. Recall the Cai & Card study from our Related Work section which showed that 89% of conferences papers covered a more 20% of known topics in SE. Which is to say that there is some precedent of claims that SE conferences usually condone research only in certain restricted narrow areas. RQ1 makes us wonder if the topics used in the study are consistent with each other over time. This leads to the next research question.
RQ2: Does topic modelling yield stable topic clusters for SE conferences? Table 5 show the topics clustered hierarchically with respect to the terms in the titles and abstracts of papers from three different time intervals. The topics labeled in red indicate an anomaly; i.e a topic which is not seen in the same cluster in the other time intervals. From Table 5 , we can see that the clusters are mostly stable with only 5 anomalies. This justifies the choice LDADE for this study as stability of topics has always been the prime problem in topic modelling.
RQ3: What are the fewest number of papers that most reflect current topics in SE? Table 3 and Table 4 showed what we would call the canonical papers in software engineering. The first table shows the top 2 most cited papers in each topic since 1992 while the second table focuses on more recent papers since 2009. Also shown in Table 6 are the 25 most cited authors from our sample of conferences. The names in bold are the authors common to both the tables.
RQ4: What SE topics are growing more/less prominent? Figure 4 shows the frequency at which topics appeared at our 16 SE conferences for the period 1992 to 2016. For each year, topics are sorted top to bottom in increasing frequency of occurrence (so topics shown at the bottom are more frequent).
The arrows in that figure show some trends in three topics becoming more/less prominent over time. For example:
• While "Modelling" was highly popular from 1995-2009, it has become decidedly less so in recent years.
• On the other hand, "Mining" has gained popularity gradually over the last four years. This can be attributed to the emergence of large open-source repositories like github, bugzilla e.t.c.
• "Developer" studies have consistently been one of the most studied topics in SE over the last decade. Studying practices & patterns exhibited by software engineers has aided the research community towards the development of numerous tools and new coding practices. The large list of growth is justified as seen at http://goo.gl/z35YKz. where researchers most all the developer studies published in SE.
• A topic that has been growing into prominence steadily Table 5 : Topic Clusters based on the terms in the titles and abstracts of papers from three time intervals 1998-2000, 2001-2008 and 2009-2016 . Topics labeled in red indicate an anomaly seen in a cluster across the three time intervals. and has become the most popular research topic in the last two years is "Testing". The recent rise of ISSTA and return to popularity of ICST can be significantly attributed to this observed pattern.
RQ5: Which SE conferences have the most overlap with other conferences? Figure 5 shows the results of a bottom-up nearest-pair clustering of topics and conferences for the period 2009 to 2016. The topics are clustered based on the terms present in them and the conferences are clustered based on the distribution of topics within them. In the figure, the colors indicates how strongly or weakly a topic on the y-axis is covered in a conference on x-axis. This clustering shows that most conferences accept papers on Topic 9 ("Developer") or Topic 1("Testing") with the exception of WCRE and ASE which focuses more on Topic 2("Modelling") and Topic 10("Mining") respectively.
From the hierarchical tree on the x-axis we can see that there is a strong association between certain conferences with respect to the topics they publish. Those associations are: For a longer term perspective of the history of our field, we repeat the analysis of Figure 5 for two prior time periods in Figure 6 and Figure 7 . It can be seen that for different time intervals, the topics form similar clusters reiterating the stability of the text mining method LDADE.:
• Figure 6 clusters topics and conferences for 2001 to 2008. SSBSE is missing from this study since this conference was started after 2008. This figures show that, earlier in history -ICST was more similar to FSE and ASE than IS-STA. This can be justified since only three years of ICST is considered in this period as the inception of ICST was only in 2006. -FASE was similar to RE rather than GPCE.
• Figure 7 clusters topics and conferences for 1992 to 2000. MSR is missing from this figure since that conference did not start till 2004. Similarly ICST is also missing since it started only in 2006.
-Interestingly, ICSE, FSE, ASE appear clustered into the same tree; i.e. the E group mentioned above comprising ICSE, FSE, ASE has existed now for 20 years or more. -ISSTA is much similar to GPCE due to the absence of other testing based conferences like ICST.
Based on this clustering, we suggest a merge rule for long running conferences. Every so often, steering committees should conduct a topic analysis and consider merging with similar conferences. If applied to the 11 conferences here, then that might mean merging (ASE and FSE) or (ICSM and WCRE) or (ISSTA and ICST).
Merging of ASE and FSE seems timely since, post merge, the SE calendar would contain two (not three) major events each year: ICSE in May and ASE+FSE in (say) November.
RQ6: What topics most distinguish different conferences? Rather than merge similar conferences, an alternate strategy might be to emphasize their differences. Consider, for example, FSE and ASE from Figure 5 . While they are very similar, there are clear differences in their focus areas:
• FSE publishes much more than ASE in Topic 1 (Testing)
• ASE publishes much more than FSE in Topics 10 (Mining)
If the community finds these distinctions important enough to preserve, then ASE and FSE could change their call for papers and program committees such that each accept more papers on their particular focus area. RQ7: What is the connection between a conferences program committee and the accepted papers? Figure 8 shows the frequency of topics from accepted papers from conference program committee (PC) members 2009-2016. A curious feature of this figure is how similar this appears to the percentage of topics from all authors (see Figure 5 ): while the clustering of the rows is slightly different, the rows from the same topics in the two figures is nearly identical.
The similarity is highlighted better in Figure 9 . Figure 8 and Figure 5 for each topic in all the conferences in this study. If the difference is not large (less than 5%), the cell is not highlighted. If the PC publishes more on a topic than the whole conference, the cell is highlighted in green else the cell is highlighted in red. As the difference becomes greater the shade of highlight becomes darker. Some stand-out observations from Figure 9 are • A large difference can be observed in only 15 of the 176 cells(8.53%).
• 7 of the 16 conferences in this study, do not show any significant difference between the publication patterns of the PC members and the whole conference.
• Only 5 of the 11 topics(Topics 1, 2, 5, 6 & 9) have any significant difference in the contribution by the PC of a conference and the whole conference.
• In FASE and SCAM, the PC publishes much less than the rest of the crowd on Topic 1(Testing).
What makes this similarity very curious is that the papers from PC members of makes up (on average only 26% Table 7 ). That is, even though the PC members are in the minority, the distribution of topics in their accepted papers mimics almost exactly the distributions seen in all the authors. It should be expected that there is some degree of similarity between the topics seen in the papers of the PC and the rest of the conference's papers. That said, the degree of similarity of the rows in Figure 5 and Figure 8 is most remarkable.
These RQ7 results echo some of the results on Vasilescu et al. [? ] (mentioned in the Related Work section); i.e. PC members are not just gatekeepers culling sub-standard work. Rather, their actions suggest they are promoting something akin to their own research agenda.
RQ8: How to focus a research career? Finally, we ask what find of research career leads to most impact (where "impact" is measured in terms of number of citations). Figure 10 compares all authors to those with 1%, 10,%, 20% most number of citations. Figure 10 shows how many topics are covered by the papers of those four groups of authors. The overall patterns is quite clear: publishing in more topics in SE is rewarded by more citations.
From this, we offer the following advice to junior faculty: do not over-specialize. The field of SE tends to most reward researchers who explore multiple research directions.
Conclusions, Implications, Threats, Future Work
Topic modeling is an insightful method for studying a large text corpus. In this analysis, we have explored over 15000 papers from the last 25 years of software engineering.
Results and Surprises
Some of our results echo some prior work. Like Cai & Card [? ], we find that SE conferences are focused on a relatively small number of topics (just the eleven reported in Table 2 ). Also, like Vasilescu et al. [? ] we find that the program committee of a conference has a very large impact on the conference; specifically, topics not supported by the PC are generally not accepted to a conference.
Otherwise, this study leads to some very surprising results such as a) the constant prime focus on Topic 9 ('Developer' studies) over the last decade b) the rise of Topic 1 ('Testing') over the last six years c) the gradual decline in research in Topic 0(Software 'Design'), as seen in Figure 4 . Also, we had thought MSR was something of an outlier conference. Based on these results, it now seems to be hovering near ICPC, ICSM & WCRE (see Figure 5 ).
Another surprise was the degree of overlap between conferences. Informally, we were aware of some overlap between ASE, ICSE and FSE. But we did not expect such large extent of that overlap, and that it dates back 25 years (see Figure 5 , Figure 6 and Figure 7 ).
Implications 6.2.1. Implications for Research Agendas
There is much that is actionable in these results. For example, Figure 4 might be used to guide strategic choices such as faculty hiring and what research agendas faculty might choose to follow for several years to come. Further, Figure 5 could guide researchers' tactical choices about where to submit their latest paper.
Implications for Conference Organization
This analysis found which conferences significantly overlapped other conferences and what topics most select for particular conferences (see Figure 5 ). Those result could be used to:
• Rewrite conference call for papers such that when two conferences are closely aligned, each individual conference focuses on the topic(s) that distinguish between them.
• Create new conferences to specialize in areas not well covered elsewhere.
Yet another approach might be to merge conferences that have a significant topic overlap. We would suggest that conference steering committees run a topic analysis every few years, then consider (possibly) merging with their nearest neighboring conference. In discussion with colleagues, two frequently asked questions is (a) " why merge?" and (b) "why not let conferences evolve naturally?". To this we reply that:
• SE conferences are merging all the time: • The conference calendar is already overcrowded and it is hard to find gaps for new events. For example, in the early years of the PROMISE conference were characterized as a "chase" for such a gap. Further, this crowded conference cycle had detrimental effects on academic events; e.g. ASE 2012 has 60% of its usual size due to an unanticipated clash with a call for papers by another conference.
• It is not clear that conferences are "naturally evolving". The topics seen at ASE and FSE and ICSE have been in lockstep for the last twenty years-which is not what we would expect if each conference was evolving separately. Also, in a result that echoes prior work by Cai & Card [? ], we have found that SE conferences focus on a very narrow range of topics. Such lack-of-diversity is not consistent with "natural evolution".
For a proposal on how to extend the range of topics explored at conferences, see the "New Idea" discussion later in the paper.
Implications for Program Committees
As to the program committee results of Figure 8 , this suggests that there is much to be gained by a fine-grained analysis of the particular topic biases of PC members.
When selecting a PC, it might be prudent to do a topic analysis and:
• Accept less PC members who explore the same topics;
• Accept more PC members that explore different topics.
Also, after papers are submitted, program committee chairs could use topic modeling to recognize outlier submissions; i.e. those papers that do not overlap with the papers of the PC. At which point, they could:
• Advise authors that they should consider withdrawing their paper and submit elsewhere)
• Or they could recruit new PC members to cover the topic gaps.
